Angular distribution of L x rays of Au and Pb following photoionization by synchrotron radiation has been measured at the incident photon energies corresponding to the energy between L 3 and L 2 , between L 2 and L 1 , and above L 1 absorption edges. No evidence of L x-ray anisotropy was observed within the experimental errors for all incident photon energies, but in the case of L l x rays an anisotropy of a few percent might be possible. The experimental results are in good agreement with the theoretical prediction.
I. INTRODUCTION
Ionization of atoms by electrons, high-velocity ions, and photons leads to the alignment of inner-shell vacancy with the total angular momentum JϾ1/2 because the magnetic sublevels of the resulting ion have a nonstatistical population. The alignment effect can be measured by the nonisotropic angular distribution of the emitted Auger electrons and x rays, or by the partial polarization of the emitted photons. This phenomenon was theoretically predicted by Mehlhorn ͓1͔, Flügge et al. ͓2͔, and Jacobs ͓3͔. Extensive studies for the L 3 subshell have been performed by heavy-ion bombardments ͓4 -12͔ and by electron-impact ionization ͓13-17͔. These experimental data are in good agreement with the theoretical calculations ͓18 -20͔. The alignment effect is considered to be well established for electron impact ͓21͔ and in ion-atom collisions ͓22͔.
However, two effects should be taken into account to interpret these experimental data. First, these data are obtained for all of the subshells including the ones with Jϭ1/2, which have no alignment effect. The Coster-Kronig transitions from these states to the state with JϾ1/2 reduce the alignment effect, and the atomic parameters, such as subshell ionization cross sections, Coster-Kronig probabilities, and subshell fluorescence yields, are necessary to estimate the alignment effect ͓8͔. Second, multiple ionization commonly occurs in the process of ionization by heavy ions.
On the other hand, the study of the alignment induced by photoionization has the advantage of negligible multipleionization effect. In addition, it is possible to ionize the subshell of interest by tuning the energy of the incident x rays and to avoid the alignment dilution effect inherent to the Coster-Kronig process. Considering these facts, the study of the alignment of ionized atoms following photoionization is useful to test the theoretical predictions. First theoretical studies ͓23-25͔ have shown, that the alignment produced in photoionization and, therefore, the angular anisotropy of x rays and Auger electrons, may be large near the ionization threshold, in the region of the Cooper minimum and in the far relativistic region (EϾ1 MeV). On the other hand, at the photon energies corresponding to the fast but still nonrelativistic photoelectrons (E e Ϸ1Ϫ100 keV) the predicted alignment is small, typically less than 10%.
The experimental investigation of the alignment resulting from photoionization has been performed using He I radiation by Caldwell and Zare ͓26͔. Later the synchrotron radiation was used for studying the alignment of inner-shell vacancies in medium-weight atoms by means of fluorescence spectroscopy in Cd(4d Ϫ1 ) ͓27͔ and by means of Augerelectron spectroscopy in Mg(2p Ϫ1 ) ͓28͔, Kr(3d Ϫ1 ) ͓29͔, and Xe(4d Ϫ1 ) ͓30-32͔. The majority of the cited papers showed a good agreement between the experimental results and the theoretical calculations. Recently, Schmoranzer and coworkers ͓33-37͔ have used the photon-induced fluorescence spectroscopy ͑PIFS͒ in the vacuum ultraviolet ͑VUV͒ region with synchrotron wiggler radiation at the BESSY storage ring ͑Berlin͒ for studying the alignment in Kr II, Xe II and Ar II. Meyer et al. ͓38͔ measured the alignment of Xe ions in the resonant Auger decay induced by photoexcitation at the Super-ACO storage ring in Orsay. With these experimental results the effect of the alignment was found in the case of PIFS in the VUV region. Here also the experimental results are basically in agreement with the theoretical calculations ͓36,38͔.
However, the experimental results for the angular distributions of L x rays from heavy elements are contradictory. Kahlon et al. ͓39, 40͔ and Sharma and Allawadhi ͓41͔ reported strong anisotropy of L x-ray emission from Th, U, and Au. Ertuǧrul and co-workers ͓42-44͔ and Seven and Koçak ͓45͔ showed results similar to those of Kahlon et al. for L x rays from a range of heavy atoms 70рZр92. The anisotropy they observed is much larger than the theoretical values of Oh and Pratt ͓23͔, Scofield ͓24͔, and Berezhko et al. ͓25͔. On the other hand, Kumar et al. ͓46, 48͔ and Mehta and coworkers ͓47͔ reported an isotropic emission of L x rays for Pb, Th, and U within experimental errors. Those four groups used radioisotopes ͑RI͒ as photon sources or secondary sources excited by RI sources. Papp and Campbell ͓49͔ used an x-ray generator as the photon source and showed that the largest anisotropy of Er L l emission was about 4%. This result is slightly higher than the theoretical prediction ͓25͔. It is interesting to measure the angular distributions of L x rays more precisely and to elucidate the discrepancy among the previous experimental data. For this purpose, it is advantageous to use the third-generation synchrotron radiation facility and to excite each L subshell selectively. Such experiments have not been performed so far.
In this paper we report the experimental results for L x-ray emission from Au and Pb following photoionization by synchrotron undulator radiation at the SPring-8 storage ring. In order to compare the experimental results with theory, we have calculated the alignment using the Hartree-Fock approximation. The largest anisotropy is expected when the excitation energy is tuned between the L 2 -and L 3 -subshell ionization thresholds because only the L 3 subshell is ionized and there is no contamination from the Coster-Kronig transitions. In addition, we changed the incident photon energies to the values between L 2 and L 1 , and above L 1 absorption edges, in order to study the effect of the Coster-Kronig processes on the alignment of the L 3 state. Au and Pb targets were chosen for a direct comparison with the previous experiments described above.
II. THEORY
The angular distribution of the fluorescence radiation emitted after ionization of an atom by linearly polarized photons is described by the well-known equation ͓18,50͔
where P 2 (cos ) is the second Legendre polynomial, is the angle between the electric-field vector of the exciting radiation and the direction of propagation of the fluorescence radiation, I 0 is the total fluorescence intensity integrated over all angles, and ⍀ is the solid angle. Equation ͑1͒ shows an axially symmetric angular distribution with respect to the electric vector of the incident photon beam. The anisotropy parameter ␤ is a product of the kinematic term ␣ and the alignment A 20 of the initial state populated by the linearly polarized light ͓18͔,
where ␣ is calculated according to
Here J 1 and J 2 are the angular momenta of the initial and final states, respectively, and the standard notation for the 6 j symbol is used. The values of ␣ are 1/10, Ϫ2/5, 1/10, Ϫ2/5, 1/10, 1/2, Ϫ2/5, and 1/2 for the emissions of
, and L l (L 3 ϪM 1 ) x-rays, respectively. On the other hand, these values are 0 for the other x-ray emissions,
, related to the L 2 and L 1 subshells because the initial angular momentum is J 1 ϭ1/2 for these transitions and such states cannot be aligned ͓18͔. Since the L ␣ ͑ϭ L ␣1 ϩ L ␣2 ) lines were not resolved in the present experiment, the average value of ␣ weighted by the calculated emission rates ͓51͔ is estimated to be about 0.049 for both Au and Pb. Thus, the anisotropy of the L ␣ line is expected to be small. The largest anisotropy is expected for the L l and L ␤6 lines. When the vacancy is produced in the L 1 and L 2 shells, we have to take into consideration the Coster-Kronig processes too. The degree of alignment A 20 (J 1 ) for a state with J 1 ϭ 3/2 is simply defined by
where 3/2 and 1/2 are the total photoionization cross sections for the magnetic substates m j ϭ 3/2 and 1/2, respectively ͓18͔. In Sec. IV we present the results of our calculations of the degree of alignment. The calculations were made within the independent electron model. Though the considered atoms Au and Pb are open-shell atoms, the interaction of the valence electrons with the deep inner 2p 3/2 vacancy is very weak and can be ignored. Thus the alignment of the 2 p 3/2 Ϫ1 state may be considered as in a closed-shell atom. Within this approximation the general expression for A 20 can be written as
where D l j is the dipole ionization amplitude, corresponding to the emission of a photoelectron with the ͑orbital͒ total angular momentum (l) j ͓50͔. The dipole ionization amplitudes may be reduced to the single electron matrix elements and then to the radial dipole integrals, so that the alignment of a vacancy in the 2p 3/2 subshell may be written as ͓25,52͔
where
are the single-particle radial dipole integrals ͑length form͒; P 2p (r) denotes the radial wave function of the bound electron while P s(d) (r) are the radial wave functions of the ejected photoelectron; the spin-orbit interaction in the continuum is neglected ͓61͔. The radial dipole integrals ͑8͒ have been evaluated by applying a relaxed orbital method within a singleconfiguration Hartree-Fock approach ͓53͔, that is, the boundelectron wave function P 2p (r) has been calculated in the field of the atom whereas the continuum electron wave functions P s(d) (r) have been obtained in the field of the singly ionized atom. In addition, mass-velocity and Darwin corrections have been incorporated within the format of the nonrelativistic Hartree-Fock approach ͑Hartree-Fock-Roothaan method͒ ͓53,54͔.
Here we note that the calculations have been done in the dipole approximation. In the considered photon energy range ͑1-50 keV͒ the contribution of quadrupole photoabsorption may be significant. Analysis of the nondipolar effects made by Kabachnik and Sazhina ͓55͔ has shown that the most important electric-quadrupole interaction can lead to an additional alignment and also to the axial asymmetry with respect to the electric vector. However, as follows from the relativistic calculations ͓23,24,55͔, both effects are small, less than 2% at the considered energies.
It is also noted that in the case of unpolarized incident light the bracket on the right side of Eq. ͑1͒ is written as 1 Ϫ(␤/2) P 2 (cos ), where is the angle with respect to the beam direction (x axis in Fig. 1͒ . Therefore, the alignment effect will be enhanced for the polarized beam compared to the case when the unpolarized beam is used. Figure 1 shows the experimental setup and the coordinate system. The experiment was carried out at the undulator beamline BL46XU of the SPring-8 storage ring. The undulator radiation was monochromatized by the fixed-exit and water-cooled Si double crystal monochromator. The incident photon beam was linearly polarized synchrotron radiation ( P lin у99%) with the electric vector in the horizontal direction which is chosen to be the z axis of our coordinate system, as shown in Fig. 1 . The linear polarization was confirmed in the similar beam line BL39XU at the SPring-8 by x-ray magnetic diffraction experiment ͓56͔. In front of the target we placed a Si mirror without any coating materials to prevent higher-order diffraction from the monochromator.
III. EXPERIMENT AND ANALYZING PROCEDURE
Self-supporting target of pure Au, Pb, and Co 0.25-m-thick micro foils ͑483, 266.7, and 94.6 g/cm 2 , respectively͒ evaporated on Mylar or Acrylic backing were used. Such thin foils reduce the factor of the intensity correction in the absorption of the incident beam and the emitted photons for the measured raw data. Co K x rays were used as a monitor of the incident beam intensity. The size of the incident photon beam was adjusted by a slit system on the beamline. The maximum beam footprint on the target was about 1.0 mm in height and 2.9 mm in width, corresponding to about 10% of the detector area ͑active diameter of 6 mm͒. The detector was a Si͑Li͒ solid-state detector ͑SSD͒ ͑SEIKO EG & G SLP-06180-P͒ with full width at half maximum of 167 eV at 5.9 keV ͑catalogue value͒. The target and the detector were set on a Huber 5020 eight-axis diffractometer.
The detector angle scan was performed in the x-z plane. The sample angle was fixed. The scanning angle was measured with respect to the direction of the electric vector of the incident photon beam, as shown in Fig. 1 . When the SSD is placed in the direction of the electric vector (z axis in Fig.  1͒ , the angle corresponds to 0°. The sample angle with respect to the incident photon beam was corrected by setting ionization chambers just before and after the target and by measuring the change in the incident photon intensity while the sample angle was changed. The incident photon energy was corrected by using the Au L absorption edges of a 50-m-thick foil. The angular distribution of L x rays were measured at every 5°in the detector angle range from Ϫ30°to 60°. The incident photon energies were chosen to be 13.172, 14.172, and 15.172 keV for the Au target, and 14.172, 15.672, and 16.672 keV for the Pb target.
According to the theoretical prediction, the expected anisotropy is small. The largest anisotropy is expected for the L l or L ␤6 lines ͓18͔, whose intensity is, however, much weaker than that of the lines like L ␣ or L ␤ . Considering these facts, total counts larger than 10 4 for the L l line were accumulated to obtain statistical error smaller than 1% at every angle.
Typical spectra of Pb L and Co K x rays at four incident energies at an angle of 20°are shown in Fig. 2 . Two small peaks above the Co K lines may originate from the fluorescence of the tungsten slit system, but they have little influence on the nearest L x-ray peak, the L l line. Below the L 3 absorption edge ͑12.172 keV͒, no Pb L x rays were observed. There were also no L x-ray lines from Pb when we took off the target at 16.672 keV. We had to confirm this especially for the Pb target because the measurement system, including the Si mirror, was inside the monochromatic beam hutch, made of iron/lead/iron x-ray shields, and the detector and the mirror were also covered by lead shields. Figure 3 shows an example of the experimental spectra, fitted curves and residuals between the experimental data and the fitted curve for the Au target at an incident energy of 14.172 keV and a detection angle of 19.6°. The spectra were analyzed by a least-squares fitting with a nearly Gaussian function for each peak and a polynomial function for the background. The least-square deviation, squares, was, for example, about 1.4 for the data in Fig. 3 . Since we used the Si͑Li͒ SSD, each line in the spectrum had a low-energy tail. We took into account the tail component as the response function in the fitting ͓57,58͔. A systematic fitting procedure was used for all the spectra at a given incident energy and thus the relative error of the line intensity for the change in the detector angle became small. As described before, the statistical error was less than 1%. The main contribution to the error came from the fitting error. This error was estimated from the square root of the sum of the residuals ͑between the experimental data and the fitted curve for each line͒ squared. The total error was, for example, about Ϯ5 -6 % for the L l line. The line intensities were corrected for the effects of absorption such as the incident-beam attenuation, selfabsorption of the emitted x rays, absorption by air between the sample and the detector ͓59,60͔. The relative difference of the self-absorption correction for the change in the detector angle was less than about 1% because we used thin foils. Attenuation of the emitted photons was mainly caused by the air between the sample and the detector. But this effect was the same for any scanned angle. We assumed the SSD efficiency to be 100% in the measured energy range of about 7-17 keV. 
IV. RESULTS AND DISCUSSION
In Table I we compare the experimental L x-ray emission rates for Au and Pb It is clear from Figs. 4-7 that the emission of all of the L x rays studied in the present work, i.e. L ␣ , L ␤ , L , and L l rays, is isotropic within experimental errors of a few percent for all incident photon energies used in the experiment. However, due to the experimental errors we cannot exclude the possibility in which there is a weak angular dependence for L l x rays. Even in this case the anisotropy is about a few percent. The present results contradict the previous experimental data for Au by Kahlon et al. ͓40͔ and by Ertuǧrul and Am with Si͑Li͒ detectors. No angular dependence was found for the L ␤ and L ␥ x rays, but they observed a strong anisotropy for the L ␣ and L l lines. They also claimed the existence of an extra P 1 (cos ) term in Eq. ͑1͒, which means axial asymmetry.
On the other hand, our measurements are in agreement with the experimental results of Kumar et al. for Pb ͓46͔ as well as for other heavy atoms ͓47͔. They performed experiments similar to Kahlon et al. ͓40͔ and Ertuǧrul and coworkers ͓42, 43͔ , but found that the angular distribution of all the L x rays is isotropic within the experimental errors. Our result is also consistent with the small anisotropy for the L ␣ and L l lines observed by Papp and Campbell ͓49͔ who also did not find any contribution of the P 1 (cos ) term.
Recently two groups ͓41,48͔ measured the angular distributions of L x rays using selective photoionization of L 3 subshell. As discussed above, there is no Coster-Kronig transitions after L 3 -subshell photoionization and the emission of the L l x rays has a larger anisotropy. The incident x rays with an energy between the L 3 and L 2 absorption edges were produced with converters made of suitable elements excited by 241 Am␥ rays. Although both groups used similar experimental procedures, their conclusion was completely opposite. Sharma and Allawadhi ͓41͔ investigated the L l , L ␣ , and L ␤ lines in Th and U and found an anisotropic emission for all the L x rays. The reason for the anisotropy of the L ␤ x rays was ascribed to the selective excitation of the L 3 shell. On the other hand, Kumar et al. ͓48͔ measured the angular distributions of the L l , L ␣ , and L ␤2,5,6,7,15 x rays for Pb, Th, and U. Their experimental results indicate that the differential cross sections for all the L x rays are angle independent within their experimental errors.
In the present experiment, emission of the L ␣ , L ␤ , L l , and L lines is isotropic within the experimental errors for all excitation energies. This means that even when the incident photon energy is between the L 3 and L 2 absorption edges, where the largest anisotropy is expected, no evidence of the anisotropy was observed. The present result is in agreement with that of Kumar et al. ͓48͔ and indicates that in the present measurements it is not possible to study the alignment including the effect of the Coster-Kronig transitions on the anisotropy of x rays as performed by Kamiya et al. ͓8͔. In order to compare the experimental results with the theoretical predictions, we calculated the degree of the alignment above the L 3 absorption edge as a function of the photoelectron energy by using the Hartree-Fock method ͑see Sec. II͒. The obtained results for Au and Pb are shown in Fig.  8 with the used energy region in the experiment. The calculated values depend on the photoelectron energy in the energy region below 10 eV, near to the L 3 ionization threshold. But there is almost no energy dependence in the energy region far from the threshold, where we did the experiments, and the value of the alignment A 20 is about Ϫ0.14. As calculated in Sec. II, the values of ␣ are 1/2 for the L l and L ␤6 lines, and 0.049 for the L ␣ line. Thus the anisotropy is estimated to be Ϫ0.07 for the L l and L ␤6 lines, and Ϫ0.007 for the L ␣ line. In Figs. 5 and 7 the calculated curves ͑the dashed lines͒ for L l line at 13.172 keV for Au and at 14.172 keV for Pb are shown. The measured angular dependence of the x-ray emission shows that an anisotropy of a few percent might be possible for the L l lines. Thus the results of the calculations agree with our experimental results.
Here we did not calculate the anisotropy parameter according to Eq. ͑1͒ from the measured data because the errors are still too large to evaluate accurately such small anisotropy. Experimentally we cannot resolve the L ␤6 emission clearly and the L l and L ␤6 lines are on the large low-energy tails ͑the response functions͒ of L ␣ and L ␤ , respectively. Even by accumulating data for a longer time and thus reducing further the statistical error, the problems of the resolution and the response function of the detector still remain as long as a SSD is used. It is not easy to evaluate such a small anisotropy experimentally and the theory still remains to be fully tested. To measure a small anisotropy more accurately, one needs to use a crystal spectrometer instead of a SSD to separate each line.
V. CONCLUSION
The angular distribution of L x rays from Au and Pb following photoionization were measured. The L subshells were selectively ionized by using the synchrotron undulator radiation. For all incident photon energies studied, our experimental results show no evidence of anisotropy for the L x rays from Au and Pb within the experimental errors, but for L l x rays there might be small anisotropy of about a few percent-.The results are in agreement with the experimental data of , but contradict those of Kahlon et al. ͓39, 40͔ and Sharma and Allawadhi ͓41͔ and of Ertuǧrul and co-workers ͓42-44͔. The present experimental results agree with the theoretical calculations based on the Hartree-Fock method. Because of the very small anisotropy, we could not study the effect of the Coster-Kronig transitions on the L 3 -subshell alignment.
To determine the value of the anisotropy parameters more exactly, it is necessary to measure the emission lines with a higher energy resolution by using a crystal spectrometer. Then we might be able to test the theory more precisely and also to detect the effect of the Coster-Kronig processes on the alignment.
